An extensive analysis of an optically-thin, dry atmosphere at different values of the thermal Rossby number Ro and of the Taylor number F f is performed with a general circulation model by varying the rotation rate Ω and the surface drag τ in a wide parametric range. By using nonequilibrium thermodynamics diagnostics such as material entropy production, efficiency, meridional heat transport and kinetic energy dissipation we characterize in a new way the different circulation regimes. Baroclinic circulations feature high mechanical dissipation, meridional heat transport, material entropy production and are fairly efficient in converting heat into mechanical work. The thermal dissipation associated with the sensible heat flux is found to depend mainly on the surface properties, almost independent from the rotation rate and very low for quasi-barotropic circulations and regimes approaching equatorial super-rotation. Slowly rotating, axisymmetric circulations have the highest meridional heat transport. At high rotation rates and intermediatehigh drag, atmospheric circulations are zonostrohic with very low mechanical dissipation, meridional heat transport and efficiency. When τ is interpreted as a tunable parameter associated with the turbulent boundary layer transfer of momentum and sensible heat, our results confirm the possibility of using the Maximum Entropy Production Principle as a tuning guideline in the range of values of Ω. This study suggests the effectiveness of using fundamental nonequilibrium thermodynamics for investigating the properties of planetary atmospheres and extends our knowledge of the thermodynamics of the atmospheric circulation regimes.
Introduction 1
In the last two decades, more than 700 planets outside the solar system In this study we focus on the impact of two parameters, the rotation rate Ω 32 and on the surface turbulent exchange rate τ , on the atmospheric circulation 6 the main conclusions are summarized. 
and the Taylor number :
in which L is the channel width, D its depth, ν the kinematic viscosity 140 of the fluid, α its volumetric expansion coefficient, and g the gravitational
141
acceleration.
142
Read (2011) has extended the definition of the thermal Rossby number 143 and of the Taylor number to the case of atmospheric circulations. The anal-
144
ogous of the thermal Rossby number is defined as:
where a is the planet's radius, R the specific gas constant and ∆θ h the hor- 
in which τ f is the typical timescale for kinetic energy dissipation. We note
, where τ rot = 2π/Ω, i.e. F f is proportional to the is available, thus making it well suited for this work (Fraedrich and Lunkeit, 
171
The atmospheric dynamic core uses the primitive equations, which are 172 solved using a spectral transform method (Eliasen et al., 1970; Orszag, 1970) .
173
Interaction between radiation and atmosphere is dealt with using simple but 174 realistic longwave (Sasamori, 1968) 
188
In all simulations the lower boundary is a flat surface with prescribed 189 albedo and heat capacity (see Table 1 ). This is implemented with a shallow 190 energy-conserving slab-ocean model with an areal heat capacity (C slab = 10 
in which
is the heat transfer coefficients (z is height from the surface, k is the von-
218
Karman parameter, z 0 is the surface roughness, and f is an empirical func- 
Similarly to eq. (6), for the wind tendency due to the surface stress, (∂u/∂t) stress ,
227
we have:
with τ m (x, y, z, t) = dz/(γ m (x, y, t)|u(x, y, t)|) and the drag coefficient γ D 229 defined similarly to γ h . Again we substitute the locally compute τ m (x, t) with 230 a fixed (in space and time) drag timescale τ m (Rayleigh friction timescale).
231
Generally the drag and heat transfer coefficients γ D and γ h -and therefore to explore a wide parametric range, we assume for the sake of simplicity:
Experiments are performed for Ω * = Ω/Ω E = 1/10, 1/5, 1/2, 1, 2, 4, 8,
239
where Ω E is the Earth rotation rate. For each value of Ω * we run the model 240 with τ = 2700, 3600, 10800, 21600, 43200, 86400, (86400 × 3) , (86400 × 10),
241
(86400 × 30), (864000 × 100), (864000 × 500) seconds, that is from 45 minutes 
245
Let us note that as Ω increases, the typical size of the baroclinic distur-
with the Rossby deformation radius L R = N H/f (James, 1994; Williams, at Ω * = 8 and more than adequate for Ω * ≤ 4. 
317
The effect of the surface drag is particularly evident in the meridional The general circulation is the result of the conversion of the available 366 potential energy generated by radiative differential heating into mechanical 367 work (winds), as first shown by Lorenz (1955 Lorenz ( , 1960 Lorenz ( , 1967 
we have that Φ + + Φ − = W ≥ 0. Moreover, one can define an efficiency η:
which gives us an indication about the capability of the general circulation 386 of generating kinetic energy given the net heating input Φ + . From Eq. (7) 387 it follows that
in full analogy with the definition of efficiency of a heat engine (Fermi, 1956 ).
389
Such a quantity has been proved to be particularly relevant in marking the 
In PlaSim the dissipation of kinetic energy is due to: (i) turbulent stresses in The material entropy production associated with F T is:
where T a is the temperature of the first atmospheric level (where F T is ab-441 sorbed thus heating it) and T S the surface temperature. The material entropy 442 production associated therefore to sensible heat is the sum of the material 443 entropy production due to surface turbulent fluxes,Ṡ sens and to the other 444 sources of sensible heat (diffusion and dry convection),Ṡ sens , and it reads
The total material entropy production of the system is therefore:
The ratio
is a measure of the degree of irreversibility of the system, which is zero 448 if all the production of entropy is due to the unavoidable dissipation of 
Dissipative properties of circulation regimes

455
In this section we analyse the dissipative properties of the different circu- the values of log 10 Ro and log 10 F f (Fig. 4 to Fig. 11 ).
463
Kinetic energy dissipation and meridional heat transport. In Fig. 4 , the results of the numerical simulations show that for 10 −2 < Ro < 1 and 465 1 < F f < 10 3 there is the highest total dissipation of kinetic energy, D. We Fig.1(a) ). This is consistent with 
540
The material entropy production terms (eq. (14, 16 and 17)) are shown 541 in Fig. 8-10 . Fig. 8 shows the contribution due to thermal dissipationṠ sens 542 (15). This is dominated byṠ F , which accounts for almost 2/3 ofṠ sens and is which increases with τ since, due to eq. (7), surface and atmospheres tend to 548 be more decoupled. The entropy production associated with the dissipation 549 of kinetic energy,Ṡ kediss (Fig. 9) closely follows the pattern of D (Fig. 4) as 550 evident from its own definition (eq. (14)).
551
The total material entropy production (17) is the sum of the two, so 552 its properties are determined mainly byṠ sens which is generally larger than 
Implications for the Maximum Entropy Production Principle
585
In this section we briefly describe our results in the context of the Max- state was that maximizing the entropy production of the system. However,
603
one major criticism that MEPP has encountered is that it does not take into 604 account the effects of the rotation speed (Rodgers, 1976 parameter. Since this set up employes a more refined and realistic represen-622 tation of the boundary layer physics, we consider it as our "reality" towards 623 which comparing simulations in which the rougher, tunable τ -scheme is used. can be easily visualized in Fig. 10 ). Furthermore, we take into account also 629Ṡ kediss (Fig. 9) , so that we can be informative also on the maximum dissi- 
632
As can be seen in Fig. 9 -10, τ max andτ max differ mostly for Ω * ≤ 1/2 (where 633 the maximum dissipation steady states occur for τ of few hours) whereas 634 they are mostly the same (1 day) for Ω * > 2 days (τ ≈ 1 day).
635
In Fig. 12 Fig. 13 (a,b,c) with Fig. 2 (b,e,h) and Fig. 14(a,b,c) with Fig. 3(b,e,h ).
646
When the values ofτ max (Ω * ) associated with the maximum ofṠ kediss is instead taken into account (Fig. 12(c) rateτ max bends towards smaller τ whereṠ mat tends to decrease (Fig. 10) .
651
More unsatisfactory isṠ kediss (Ω * ,τ max ) again for Ω * < 1/2, with a difference 652 of about 16% with respect toṠ BLS kediss .
653
In the end, both maximum entropy production and maximum dissipa- 
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• Figure 9 1067
Material entropy production associated with dissipation of kinetic en-1068 ergy. Units in 10 −3 W m −2 K −1 .
1069
• Figure 10 1070
Total material entropy production. Units in 10 −3 W m −2 K −1 .
1071
• Figure 11 1072 Irreversibility parameter α.
1073
• Figure 12 
